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The present investigation has been carried out with the aim of determining the tribological behavior of a VPS
chromium carbide coating both in the as-deposited and heat-treated conditions. A commercial powder of
Cr2C3–25% NiCr was sprayed employing a VPS system (Medicoat AG, Switzerland) onto plain low carbon
steel coupons. The samples were subsequently annealed for 2 h at 600 °C, 800 °C and 900 °C in Ar. The mi-
crostructural characterization was carried out by using SEM and XRD before and after the heat treatment
of the samples. SEM observations were employed for determining the degradation mechanisms that took
place during the wear tests. When the coated systems rubbed against alumina under a 5 N normal load in
air, a progressive change in the mechanism, from a mixed adhesive and abrasive, to a predominant abrasive
was observed, as the heat treatment temperature increased. The wear constants were found to be of the order
of approximately 10−6 mm3/N.m, which indicates a wear resistance of nearly 4 times higher in comparison
with the wear results reported in the literature for similar coating systems obtained by employing HVOF de-
position. However, the heat treatment carried out at 900 °C brought about only 20% increase in the sliding
wear resistance of the coated system.
1. Introduction
A signiﬁcant amount of research was carried out worldwide in the
last two decades with the aim of substituting the hard chromium
coatings (EHC) by using alternative and competitive processing due
to the regulation concerning the emission of chromium launched in
November 1994 in the United States by the Environmental Protection
Agency (EPA), which put the hard chrome plating companies under
pressure [1]. Both the harmful effects on Cr6+ on the environment
and the public health coupled with their intrinsic technical limita-
tions such as cracks, which hinders their resistance to both alternative
stresses and corrosion, are well known.
In this regard, thermal spray processes have been the leading can-
didates, since they produce competitive coatings from the wear and
corrosion resistance point of view. A variety of industries successfully
use thermally sprayed coatings and their success could be measured
by their sales volume which achieved more than six billion Euros
worldwide, whereby about 30% of this sum total is achieved in the Eu-
ropean market [2]. The most common cermet coatings employed
with success for substituting the hard chromium deposits were
WC–Co, WC–CoCr and Cr3C2–NiCr and these have been traditionally
produced by using HVOF technology [3–7].
Lately, different research results were reported for the production
of cermets by plasma spraying, since it was considered to be the most
ﬂexible coating technique among thermal spray technologies [8–11].
Despite chromium carbide's excellent wear- and corrosion-resistant
properties, it is not used as primary carbide in industry owing to its
lower hardness in comparison to other carbides (such as tungsten car-
bide). Therefore, several attempts have beenmade to improve the hard-
ness, wear property and corrosion of chromium carbide coatings by
varying the coating techniques, processing parameters, characteristics
of the feedstock powder [12–16] and the post heat treatments [17–22].
The present research is carried out with the aim of determining the
tribological behavior of VPS chromiumcarbide in both as-deposited and
heat-treated conditions. The targeted applications are related to chem-
ical, paper and printing and mechanical industries. The results will be
compared with those published in the literature that correspond to
the same type of coating, but produced by using the HVOF traditional
method of deposition.
2. Experimental
Parallelepiped samples of 20×20×4 mm3 were machined and sub-
sequently degreased with acetone. Prior to the deposition process, the
samples were grid blasted with Al2O3 (grade 24), which led to an aver-
age surface roughness of 5 μm. A commercial powder of Cr2C3–25% NiCr
was sprayedwith aMedipartM50 plasma gun (equivalent to type F4) to
obtain coatings of approximately 500 μm in thickness, using a vacuum
plasma system (EMPA — Switzerland) at a pressure of 60 mbars,
employing a voltage of 54 V, an argon ﬂow of 48 l.min−1 and a cur-
rent of 800 A. Deposition was carried out at a standoff distance of
37 cm. Coatings were then ground and polished to achieve a ﬁnal
thickness of approximately 450 μm. The coating porosity was deter-
mined by means of electrochemical polarization techniques, which
are described elsewhere [23,24].
Part of the samples was heat-treated in Ar to prevent oxidation of
the coated system. The disks were placed inside the furnace, which
was evacuated of air, ﬁlled with argon and heated at 5 °C/min. The
coatings were held for 2 h at 600°, 800 °C and 900 °C, respectively be-
fore being cooled to 400 °C at the same rate and then allowed to cool
to room temperature. Vickers hardness both in the as-deposited and
heat treated coatings was determined employing a load of 300 g ap-
plied for 15 s on the coating deposition plane. The reported hardness
values correspond to the mean of 10 indentations.
XRD was performed using a Siemens D500 diffractometer ( Cu–Kα
(λ=1.5418 Å) radiation) to determine whether the composition of
chromium carbide coating was altered from the starting feed-stock
powder, as well as for determining the microstructural evolution of
the coatings during the annealing process.
The tribological evaluation was performed on the coated sam-
ples prior and after heat treatment, following their metallographic
preparation. Sliding wear tests were carried out employing a
tribometer under ball-on-disk geometry, with an alumina ball
(Φ=6 mm) as counterpart, a contact radius of 8 cm and a 5 N
normal load. Subsequently, the wear tracks were evaluated by
means of SEM–EDS analysis and the worn volume determined by
optical proﬁlometry.
3. Results and discussion
3.1. Microstructure and morphology
The diffraction patterns shown in Fig. 1 correspond to the starting
powder, the coating in the as-deposited condition and the coatings
annealed at different temperatures.
If a comparison between the peaks corresponding to the XRD pat-
terns of the spraying powder and the coating in the as-deposited con-
dition is conducted, the presence of two forms of orthorhombic Cr3C2,
one with the space group Pnam (62) (JCPDS 03-71-2287) and the
other with the space group Cmcm (63)( JCPDS 03-65-0897), were de-
termined together with a NiCr solid solution (JCPDS 03-065-0380),
Cr7C3 (JCPDS 03-36-1482) and C23C6 (JCPDS 03-85-1281). These ﬁnd-
ings corroborate those reported in the literature, indicating that dur-
ing VPS deposition, part of the chromium and carbon contained in the
Ni solid solution could decompose and precipitate as Cr2C3, Cr7C3 and
Cr23C6, a reaction that could occur immediately after the sprayed
powder particles arrived on the substrate [25]. Careful examination
of the XRD patterns indicates that the medium intensity peaks of
Cr7C3 overlap with those corresponding to the higher intensity
peaks of C2C3. Furthermore, for example, the major intensity peak of
Cr23C6 for 2θ=44.110 overlaps with the highest intensity peak of
Cr7C3 (2θ=44.167). However, as pointed out by Zimmermann and
Kreye [26] due to this fact, the presence of Cr7C3 and/or Cr23C6 in
the as-sprayed coating can not be proven solely by X-ray diffraction
techniques and a more sophisticated analysis such as transmission
electron microscopy would be needed to clarify the microstructure
[27].
Comparison between the XRD patterns corresponding to the coating
in as-deposited condition with those corresponding to the heat-treated
sample at different temperature indicates that no oxidation of coatings
took place and some of the peaks corresponding to Cr23C6 are more vis-
ible at higher annealing temperature, as expected.
A shift in the peak near the diffraction angle of 2θ=44° approxi-
mately, along with the peak broadening was observed in the XRD
spectrum for the as-deposited coating as compared to that of the
starting powder, indicating the existence of an amorphous phase pro-
duced as a consequence of the massive dissolution of carbides during
the deposition process, which saturates the NiCr solid solution with C
and Cr. It is evident from the XRD spectra of the heat-treated coatings
that microstructural transformations occurred during the thermal ex-
posure. The increase in temperature brings about a recrystallization
process, which takes place with the formation of new carbides and
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Fig. 1. XRD patterns of all the coatings under study and that corresponding to the spraying powder. The Powder Diffraction File Cards, Joint Committee on Powder Diffraction Stan-
dards, Swarthmore, PA, 1990 (now International Centre for Data (ICDD), Newtown Square, PA).
their subsequent growth, giving rise to the presence of well-deﬁned
peaks and of a higher intensity.
Fig. 2 illustrates the microstructural evolution of the coatings
with the heat-treatment temperature. As can be observed from the
micrograph of the coating in as-deposited condition, the large varia-
tion in the gray scale is due to the change in matrix composition as a
consequence of the dissolution of carbides in the NiCr matrix during
the VPS processing. The very dark isolated regions correspond to
Cr3C2 grains. Higher carbide particles, with typical angular shape,
are found in the middle of the biggest splats, a morphology that has
been previously reported for similar coating systems by different au-
thors [17,21,22]. The results from the EDS analysis carried out within
the regions indicated on each micrograph are reported in Table 1.
Despite that the coating porosity is of ~1–2%, in Fig. 2b it can be
noticed the presence of small cracks between lamellas, which is prob-
ably due to the existence of residual stresses produced during deposi-
tion, whose values increase as the thickness of the coating increases
[28]. As the heat-treatment temperature reached 900 °C, a substantial
increase in the number of carbides takes place that leaves the matrix
depleted of C and Cr. As can be observed in region “1” of the photomi-
crograph shown in Fig. 2d, the matrix appears as the white phase sur-
rounding the carbides. As it could be noticed in the Ni X-ray mapping
performed in the region at the interface between the coating and sub-
strate for this temperature,most of theNi diffuses towards the substrate
ensuring the presence of a metallurgical bond, which improves the
coating adhesion (see Fig. 3) and therefore, conﬁrming the variation
of the Ni concentration presented in Table 1.
3.2. Coatings hardness
Contradictory results have been published in the literature [29–31]
regarding the effect of the heat-treatment on hardness. However,
these results should be analyzed carefully, since they depend of the
coating structure, heat treatment conditions such as environment and
time, as well as on the indentation practice, related to indentation
load and the way it is applied.
The heat treatment of the VPS Cr2C3–NiCr coating at 900 °C gave rise
to a reduction in the hardness from 1393±79 HV300, corresponding to
the coating in the as-deposited condition, to 1121±66 HV300 (see
Fig. 4), as consequence of both the recovery and recrystallization of
the matrix, as well as to the coarsening of the precipitates as the
annealing temperature increases. This phenomenon is probably due to
a decrease in the dislocation density, which in turn produces a decrease
in the material strength. It is interesting to point out that the hardness
value of the as-deposited coating is slightly higher than the hardness
value found in the literature for similar coated systems and for the
same indentation load. This difference was explained by Tomita et al.
[25], who attributed the high hardness of Cr3C2–Ni–Cr cermet coatings
formed by VPS to the fact that these coatings have a dense lamellar
structures composed of Cr3C2, Cr7C3, Cr26C3 and NiCr solid solution,
a b
c d
1
2
3 1
2
3
3
2
1
3
1
2
Fig. 2. SEMmicrographs (BSE mode), indicating the microstructural evolution of the coatings with the heat treatment temperature: a. as-deposited; b. heat treated at 600 °C; c. heat
treated at 800 °C; d. heat-treated at 900 °C.
Table 1
Results from the EDS analysis performed within the regions indicated in each SEM mi-
crograph in Fig. 2.
Micrograph Element Region
1
Region
2
Region
3
wt% at% wt% at% wt% at%
Coating
As-received
C K 19.99 52.15 11.98 30.60 16.24 46.30
CrK 74.43 44.87 44.42 26.98 64.05 42.19
NiK 5.58 2.98 42.60 22.27 19.71 11.51
Coating
Heat-treated at
600 C
C K 18.83 50.18 17.30 48.24 13.41 41.53
CrK 78.73 48.46 62.90 40.52 44.90 32.11
NiK 2.44 1.36 19.80 11.24 41.69 26.36
Coating
Heat-treated at
800 C
C K 15.64 44.97 16.71 47.10 12.06 38.34
CrK 71.18 47.28 65.59 42.69 60.98 44.77
NiK 13.18 7.75 17.70 10.21 26.96 16.88
Coating
Heat-treated at
900 C
C K 15.23 45.25 14.91 44.13 19.12 50.77
CrK 40.82 28.03 55.56 37.99 75.32 46.20
NiK 43.95 26.72 29.52 17.88 5.56 3.03
whereas HVOF coatings have also a lamellar structure, but with many
ﬁne gaps and are composed of Cr3C2, Cr7C3, γ‐NiCr solid solution and
a large amount of Cr2O3.
As it could be observed from the microstructural evolution
presented in Fig. 2, for short heat-treatment times, as those used in
the present investigation, the carbides will grow as independent ag-
glomerates and, as consequence, will act as additional individual
hard particles, without having a considerable inﬂuence on the global
coating hardness. Similar results were reported by Matthews et al.
[22], who indicated that only for long duration treatments, the in-
crease in hardness could be signiﬁcant due to carbide bonding.
3.3. Tribological tests
The variation of the friction coefﬁcient values for the coated sys-
tem with the sliding distance is shown in Fig. 5. The initial increase
in the friction coefﬁcient for all the tested samples could be explained
in terms of the overcoming of the adhesive contact between the alu-
mina ball and the coating. From this distance, a decrease in the fric-
tion coefﬁcient takes place due to the strengthening of the matrix,
as consequence of the applied load. As expected, this phenomenon
is more pronounced for the sample heat-treated at 600 °C. After
50 m the abrasive mechanism overcomes the strengthening mecha-
nism and the formation of debris starts to take place.
During the cyclic application of the load, debris are subjected to fa-
tigue and, as the test continuous, they are eliminated from the contact
leaving the original surface exposed to a fresh contact with the alumi-
na ball. Therefore, a decrease in the friction coefﬁcient takes place,
which corresponds to a change from a three-body contact back to a
two-body contact mechanism. As it can be observed, for the coating
in as-deposited condition, the frequency of both debris formation
and elimination takes a longer time in comparison with the specimen
treated at 900 °C, since the latter specimen has a higher volume frac-
tion of precipitates, indicating that this process is highly sensitive to
the microstructural characteristics of the material. The debris are con-
tinuously subjected to both fracture and chemical reaction with the
environment and are eliminated from the contact. Therefore, they
will have little inﬂuence on the distribution of compressive stresses
during the contact with the ball. At the end of the wear tests, the
amount of debris found at the wear track edge was higher for the
samples heat-treated at 900 °C than for those heat-treated at
600 °C, since for the latter the adhesive wear mechanism is more
pronounced bringing about a higher value of the friction coefﬁcient
between counterparts.
Fig. 6 shows the wear track of a coated sample annealed at 900 °C.
The existence of cracks can be noticed, which could be attributed to
both the relaxation of the tensile residual stresses existing in the orig-
inal coating, as well as to the presence of the compressive stresses
due to the contact with the alumina ball during the wear test.
The values of the wear constants presented in Fig. 7, calculated
using Archard's law, satisfactorily describe the behavior presented
in Fig. 5. It could be observed that the heat treatment brought about
Fig. 3. X-ray mapping of the interface of the coating-substrate system heat-treated at 900 °C.
Fig. 4. Variation of the coating hardness with the heat treatment temperature.
an increase of only ~20% in the wear resistance of the coated system
in as-deposited condition, in comparison with that corresponding to
the sample heat-treated at 900 °C. These results do not agree with
those published by other authors [17], who claimed that microstruc-
tural changes associated with such heat-treatments could signiﬁcant-
ly improve the wear resistance of thermally sprayed cermet coatings.
However, for all the tested samples irrespective to their heat-
treatment condition, wear coefﬁcients of the order 10−6 mm3/Nm
were obtained, indicating a good wear resistance in accordance with
the criteria presented by Fouroulis [32], and specially, taking into ac-
count the considerable difference in hardness between the counter-
parts. Nevertheless, it is thought that the slight increase in the wear
resistance with the heat-treatment temperature could be attributed
to the fact that the coating structure is denser and, hence, the lamellas
are more constrained to undergo plastic deformation.
In the literature, several authors [10,17,33–35] have reported
values for the sliding wear rates of C2C3–NiCr coatings from tests
performed using a ball-on-disk geometry, under different test condi-
tions such as applied normal load, velocity, nature of the counterpart
as well as different post-treatments processes. This variety of condi-
tions makes difﬁcult a direct comparison of the values reported for
the wear rate among the existing published information.
However, one way of achieving a more judicious comparison
would be by taking into account the maximum Hertzian pressure
(Pmax) during the static contact between the ball and the coated sam-
ple for equivalent test conditions. Assuming values of 124 GPa and
0.30 for the elastic modulus and Poisson's ratio of the Cr2C3–NiCr
coating, 370 GPa and 0.22 for the 6 mm Al2O3 ball [36,37], 640 GPa
and 0.26 for the 6 mm WC–Co ball, respectively and by taking the
elastic limit of NiCr–Cr2C3 as 1/3 of its hardness (expressed in MPa),
all the contact mechanics computations can be carried out. The results
are presented in Table 2.
The equations employed for computing the values of the maxi-
mum contact pressure, Pmax, the contact diameter, a, and the maxi-
mum Von Mises stress, σmax, for the ball-on-disk geometry, i.e.
circular contact, are described elsewhere [38]. However, in this case
the composite modulus of the coated system, as a function of the con-
tact radius, is expressed according to the formulation advanced by
Döerner and Nix [39], which is subsequently employed in the compu-
tation of the reduced modulus.
The experimental results presented byMohanty [33] andGuilemany
[17], who conducted extensive sliding wear tests for the Cr2C3–NiCr
HVOF coated systems under similar conditions (0.1 sliding velocity,
0.8 mm radius of the track and sliding distance of 1000 m), are also
presented in order to allow their comparison with those obtained in
the present study.
Mohanty et al. [33] reported a wear track cross section area of
6228 μm2 for the HVOF coated system against an alumina ball of
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Fig. 5. Evolution of the friction coefﬁcient with the sliding distance. The dotted lines in the ﬁgure indicate the frequency of cyclic process of debris formation for the as-deposited
coating and for the heat-treated coatings at 900 °C, respectively.
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Fig. 6. SEM micrograph of the wear track after the sliding test for the coated sample
annealed at 900 °C.
0E+00
2E-06
4E-06
6E-06
8E-06
1E-05
25 600 800 900
W
ea
r C
on
st
an
t, 
(m
m3
/N
.m
)
Treatment Temperature, (°C)
Fig. 7. Results from the wear tests indicating the wear constant values as function of
temperature.
10 mm diameter, which slide against 0.1 m/s under a load of 10 N.
This value is almost 4 times higher than the cross section area
found in the present research, considering that the value of the max-
imum contact pressure in the former case is even less (~10%) than the
maximum contact pressure applied on the VPS coating.
In case of the results obtained by Guilemany et al. [17] for a HVOF
coating heat-treated at 880 °C, a volume loss of 0.017 mm3 equiva-
lent to a wear scar cross section area of 3400 mm2 was determined,
which is approximately 2.4 times higher than that reported in the
present investigation.
The results indicated in Table 2 show that for the coating annealed
at 900 °C, the maximum contact pressure was of approximately
1031 MPa and the maximum effective stress of 639 MPa. The latter
is 27% higher than the value of the coating elastic limit, which was
taken as 1/3 of the hardness value (in MPa), according to Tabor's
rule. This last result shows that during spherical indentation with
an alumina ball of 6 mm diameter under static conditions, the coating
undergoes plastic deformation. Nevertheless, the stress state during
the tribological tests is far more complex than the simple indentation,
since there are compressive stresses in front and under the ball, as
well as tension stresses behind the ball. The evolution of the von
Mises stress as function of depth is presented in Fig. 8, where it can
be observed that this stress value is well within the coating and that
the substrate provides a good load-support.
However, the decision regarding the use of VPS coatings should be
taken on the basis of a careful technical and economical analysis,
since the investment costs of VPS deposition are roughly 4 times in
comparison with HVOF deposition, whose process monitoring is far
more easier [40].
On the other hand, it is worth mentioning that from the corrosion
point of view, it has been shown [18] that during experiments using
electrochemical polarization techniques, carried out on the VPS coat-
ings heat treated at 900 °C, the corrosion current density values, icorr,
are nearly 4 times smaller as compared to the icorr values determined
for the coating in the as-received condition, as a consequence of the
metallurgical bond established at the coating–substrate interface.
Nevertheless, as it was indicated in a previous research [18], the fact
that a high difference of the potential electrode values exists between
the carbides particles and the Ni matrix, the coated system will never
reach passivity in a 3.5% sodium chloride aqueous solutions, since the
corrosion potential, Ecorr, had high negative values of−419.4 mV, de-
spite the substantial reduction of the passage of corrosive solution to-
wards the substrate/coating interface.
On the other hand, sometimes the coating performance in service
could be signiﬁcantly better than at the laboratory level. For example,
it was reported that High Velocity Oxy-Fuel thermal spray (HVOF) of
WC–Co and WC–CoCr has been a successful alternative for hard chro-
mium replacement, demonstrating that these coatings are far more
wear and corrosion resistant in service, although their performance
in the standard ASTM B117 salt fog test was inferior to EHC [3]. There-
fore, as it was previously stated, there is no simple analytical tool for
determining the best alternative process, since the capabilities must
be matched carefully with the full range of requirements and the un-
derstanding of the systems in which these alternatives will be used.
4. Conclusions
The diffraction studies carried out in the present research indi-
cate that the spraying powder and the coatings heat-treated and in
as-deposited condition contained two forms of orthorhombic Cr3C2,
one with the space group Pnam (62) and the other with the space
group Cmcm (63), were determined together with a NiCr solid solu-
tion, Cr7C3 and C23C6. It was found that during the sliding tests, the
Table 2
Results for the calculations of the maximum Hertzian pressure for the static contact.
Conditions of
the wear test
a
(mm)
σmax
(MPa)
Pmax
(MPa)
Ast, cross section
area of the wear
scar (μm2)
VPS coating/alumina ball
Φ=6 mm
Load 5 N
0.048 639 1030.6 1424
(HT900°C)
Present
work
HVOF coating/alumina ball
Φ=10 mm Load
10 N
0.072 572 923.7 6228
(HT900 °C)
[28]
HVOF coating/WC ball
Φ=11 mm
Load 15 N
0.082 666 1075 3400
(HT880°C)
[17]
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Fig. 8. Variation of the calculated von Mises stress as function of depth for the static contact between as-deposited sample and alumina ball.
coated systems underwent a progressive change in the mechanism,
from a mixed adhesive and abrasive to a predominant abrasive, as
the heat treatment temperature increases. The wear constants
were found to be of the order of approximately 10−6 mm3/N.m, in-
dicating a satisfactory behavior from the tribological point of view.
However, the heat treatment has no important consequences on
the tribological performance of these coatings, since only a decrease
of ~20% of the wear volume was determined for the heat treatment
conducted at 900 °C. It was shown that the VPS method could pro-
duce a coating in as-deposited condition that is nearly 4 times
more resistant to sliding wear against an alumina counterpart than
those coatings obtained by HVOF deposition. However, the decision
regarding the use of VPS coatings has to be taken on the basis of a
careful costs–beneﬁts analysis, since the investment costs of VPS de-
position are roughly 4 times as compared to HVOF deposition, whose
process monitoring is far more easier.
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